The treatment of most spinal diseases is a difficult task because of the rate of immediate, mid-and long-term complications and failures [16] . Surgical planning and clinical follow up often rely on postural and/or dynamic X-ray exams, among other imaging options.
Validation of new clinical quantitative analysis software applicable in spine orthopaedic studies
Abstract The objective of this study was to evaluate an X-ray films analysis software, i.e. to estimate the reliability and validity of clinical measurements by means of this software. The authors first performed tests of precision and reproducibility of measures. The precision for dynamic modules was estimated at ±2°for the lumbar analysis and ±3°for the cervical one. Mean reproducibility coefficients calculated for postural modules are about 4°for the angular parameters and 3 mm for the linear ones. We also evaluated clinical applicability of the software through its validity. Reference values calculated on a population of healthy subjects showed agreement with the literature. Then, when analysing postural X-ray films of severe scoliotic patients, we found that inter-observer reproducibility coefficients show a lower reliability of measurements; the main cause seems to be the low visibility of anatomic landmarks due to the quality of X-ray films and to the degree of deformity. This study allowed to better estimate the reliability and the usefulness of thisA second version of this software recently has been developed, increasing the number of parameters measured in most clinical situations, i.e. frontal parameters for the study of spinal deformities, cervical and lumbar dynamic study and sagittal postural analysis. Besides, the development focused on the optimization of the landmarks identification, i.e. automatic and semiautomatic edge detection, as well as on the calculation time.
The purpose of the present study was to evaluate Spineview 2.1 software. The main steps were:
-Evaluation of the reliability (precision, reproducibility) [1, 3, 7, 14 ] -Evaluation of the validity, by comparing asymptomatic subjects' reference values for main pelvic and spinal parameters to those published in the literature -Investigation on the limits of its use.
Materials and methods

Presentation of the main features of the SpineView 2.0 software
The software is based on the quantification of vertebral body position and calculation of parameters on five types of X-ray films: cervical and lumbar dynamic (flexion-extension), frontal and sagittal postural X-ray films and also dynamic lateral bending films.
Each analysis takes four steps: anatomic landmarks identification on a digital X-ray film, automatic edge detection of the vertebra [10] , validation of the edge detection after visual control and manual correction, then calculation of parameters with regard to the identified contours, with the possibility to record the analysis and the numerical results.
762 parameters are calculated, such as:
1. Angular parameters: intervertebral angles, global spine inclination [23] , sagittal curvatures, sagittal tilt [11] , frontal curvatures (Cobb angles), vertebral wedging, pelvic postural and morphologic parameters [4, 8, 9, 11, 12] . 2. Linear parameters: vertebral and discal heights [15] , sagittal vertebral axis (SVA) [5, 8, 9] , plumblines [8, 28] , pelvic postural and morphologic parameters [8, 9, 11, 12] . 3. Indexes: overhang, listhesis [15] , disc/vertebra height ratio. 4. Parameters related to vertebral kinematics on dynamic X-ray films: range of motion (ROM), vertebral translations [15] , mean centres of rotation (MCR) [13] .The MCR is calculated only for ROM values superior to 3° [23] .
Evaluation of the reliability Precision tests were performed for dynamic modules using reference measurements on in vitro specimens. Reproducibility tests using in vivo radiological data were done both for dynamic and postural modules.
Precision tests
A total of 13 anatomic spine segments (8 C1-T2 and 5 T12-sacrum) were harvested, radiographically screened for bony abnormalities, loss of disc height or other signs of abnormal degeneration, and frozen until use. Metallic pins (1 mm diameter) were rigidly fixed into the spinous processes (cervical segments) or into the vertebral bodies (lumbar ones), as shown in Fig. 1 . Dynamic (flexion and extension) radiographs were taken on a 0°angle of incidence and focused on C4 and L3 respectively for the cervical and lumbar spine segments [23] . Ranges of motion at each vertebral level (excepting those rigidly fixed to the supports i.e. C2C3 and T1T2 for dynamic cervical radiographs and L5S1 for lumbar dynamic ones) were accurately measured using the metallic pins. The accuracy of this reference measurement was evaluated using reproducibility tests (30 measurements·5 levels per measurement = 150 values, 2 SD = ±0.8°). The ranges of motion were then measured on scanned X-ray films (Vidar scan, type VXR 12) by means of Spineview 2.1.
Wilcoxon signed-ranks test was performed to assess possible statistical significant difference between the two sets (reference and Spineview) of measurements, and then the standard error of measurement was calculated for each level. In order to assess a global precision estimator for each dynamic module (respectively cervical and lumbar), the ROM's error normal distribution and independence from the intervertebral level was checked (descriptive statistics, Student's t test and k-sample analysis of variance).
Finally, the global precision estimator was calculated for a confidence interval of 95% [1, 7, 14] .
Reproducibility tests
Random error of measurement was evaluated for each module and for three classes of quality films, representing variable visibility of the vertebrae on the films. The quality classes were: good/routine, poor and very poor, as assessed by a trained spine surgeon. For each module, three single or pairs of X-ray films (respectively for postural and dynamic modules) were randomly chosen (one per quality class). Three observers performed series of 30 repeated analyses on each film of each class, so that for each module we had a total of 3·3·30 i.e. 270 analyses.
Reproducibility was analysed for each variable, as follows:
1. For the parameters calculated at each vertebral level, we first performed a k-sample comparison of variances, in order to assess whether the variance depends on the level. 2. All variables were submitted to ANOVA, in order to evaluate the intra-and inter-observer agreement. We also calculated the intra-class correlation coefficient ICC [14, 18, 21] , which is a complementary estimator for the power of the inter-observer agreement.
Descriptive statistics were used to characterize all the results in terms of mean, standard deviation, SD, coefficient of variation CV (SD/mean) and coefficient of reproducibility for 95% confidence interval, which is equal to the double of the SD (more precisely 1.96· SD) [1, 3, 7, 14] . 1 This coefficient is used as the global reproducibility estimator.
Validity: comparison to the literature We used the sagittal plain radiographs of 60 healthy subjects, available from previous retrospective studies, 42% men and 58% women, mean age 43 years (range 22-68 years). Validity was estimated for sagittal postural X-ray film analysis by comparing our measurements to published reference values for main pelvic and spine parameters.
Limits
The last step of our study was the evaluation of the software's limits for clinical quantitative analyses in extremely difficult situations, such as severe deformities. Two observers analysed 60 plain radiographs (30 sagittal and 30 frontal) of patients suffering from severe scoliosis (Cobb angle >40) with different film qualities.
A Wilcoxon test was performed to determine the existence of a statistically significant difference between the values obtained by the two observers. Then we calculated the inter-observer reproducibility coefficient (1.96· SD of the inter-observer errors).
Results
Precision tests (dynamic modules)
There were no statistically significant differences between the two methods: the reference and Spineview calculation of ROMs. (P-value: 0.041).
No significant differences were found either for the ROMs calculated at different vertebral levels. Moreover, a normal distribution was found for the global error. Therefore, we calculated a global precision estimator both for cervical and lumbar dynamic module. The results are presented in Table 1 .
Reproducibility of measurements
Taking into account the different parameters and types of X-ray films analyzed, the results of the reproducibility study will be presented separately for dynamic and postural modules.
Dynamic modules
Lumbar dynamic module: no statistically significant differences were found between the ROM calculated at Fig. 1 Examples of dynamic X-ray films used for precision tests. a Cervical(C1-T2 segments) X-ray films focused on C4. b Lumbar (D12-sacrum segments) X-ray films focused on L3 different vertebral levels, except for L5S1 and L1L2, as shown in the Table 2 . Except for these two levels, there are no statistically significant differences between ROM variances at each level; this allowed us to calculate a global CR, which is 1.6°. We mention that CR considered for the L5S1 and L1L2 levels is 2.6°.
Mean reproducibility error for the linear parameters is ±0.8 mm for the vertebral translations and ±1.6 mm for the vertebral height, except for the L5S1 level, where reproducibility of the vertebral height is ±4 mm; for discal height the reproducibility estimator is 1.8 mm.
Cervical dynamic module: we found no statistically significant differences between the ROM calculated at different vertebral levels (variance ranging from C3C4 to C6C7 between 0.6°and 1.1°), except for C7T1 level (1.7°). Therefore, the global reproducibility error (for a 95% confidence interval) was estimated to ±2.2°for the C6-C7 to C3-C4 levels and to ±3.4°for the C7T1 level.
Mean reproducibility errors for the length parameters are ±1.4 mm for the vertebral translations and ±1 mm for the vertebral and discal height.
Postural modules
The ANOVA analysis of the results showed no statistically significant difference between the values measured by the three observers; still, for lumbar Cobb's angle, lumbar lordosis, sacral slope and some vertebral parameters calculated at S1, T3, T4 and some cervical levels (i.e. C5C6 and C2C3) we are at the limits of agreement (both for Tukey HSD and Fisher LSD tests with a confidence range of 95%).
As a complementary test, the intra-class correlation coefficient CCI [21, 28, 37] for the calculated parameters were evaluated. A good correlation was found in withinsubject repetitive measures (CCI= 0.99-1.00) and good agreement between observers (CCI= 0.986-0.999).
The analysis of variance for each parameter corresponding to a vertebral level (e.g.. intervertebral angle T3T4 or vertebral wedging of L2) showed some particularities, which will be presented for each postural module. We also present in the following the global reproducibility coefficients (all observers, all film qualities) of the most important parameters calculated by the sagittal and frontal modules.
Sagittal module The global CR ranges calculated for spinal and pelvic parameters are for the angles: 0.1/5.5°, for the linear parameters: 1/4 mm and for those representing ratios: 3.2/8.1. The 95% CI is described by the measured value ±CR. The reproducibility estimators obtained for a routine quality of X-ray film are presented in Table 3 .
Vertebral parameters The analysis of variances showed a clear difference between angular parameters (i.e. intervertebral angles, vertebral wedging) calculated at most levels, with CR of 3°and those calculated at L5S1, T6T7, T1T2 and cervical levels, where the CR may reach 4.5°. The same results were found for indexes, with global CR of 5 and 7%, respectively. For the linear parameters (vertebral and discal height) the global CR is 2 mm (except for the parameters calculated for T3-T5 levels, where CR may reach 4 mm).
Frontal module The global reproducibility estimators for main spinal and pelvic parameters are about ±3°for the pelvic obliquity, ±4°for the Cobb angles and about ±1.3°for the global inclination. Furthermore, for a routine quality of X-ray film, the reproducibility estimators (inter-observer) calculated for same parameters were, 1.8°, 3°and 0.6°respectively.
Vertebral parameters Similarly to the sagittal X-ray films analysis, for most levels, global reproducibility error was equal to ±3°for the angles (i.e. intervertebral angles and vertebral wedging), to ±2 mm for linear parameters (i.e. vertebral and disc's height) and ±6 % for the listhesis (ratio). For T2-T4 and T9-T11 levels, CR calculated was 5°for the angles and 11% for the ratios. Also, for linear parameters calculated at T2-T4, T8-T12 and L5S1 levels the reproducibility estimator equals 3 mm.
Validity
The values obtained for the main parameters in our healthy population compared to the literature are presented in the Table 4 .
Limits
For the extreme cases of severe adult scoliosis, the statistic tests (Wilcoxon, sign, Student) showed no significant difference between the two observers.
For both sagittal and frontal modules, the reproducibility ranges are presented in the Table 5 . The analysis of the reproducibility estimators showed that errors in the calculation of spinal parameters increase of 100% for kyphosis, lordosis and Cobb angles, which are less precise (8°) than those calculated for patients suffering from degenerative disease (3-4°) and also for T1 and T9 sagittal offsets, which still have a good reproducibility (0.6-0.8°).
Reproducibility of pelvic parameters measurements diminishes of 50% for sacral slope, pelvic version and incidence and of 100% for pelvic obliquity. However, the reproducibility estimators of some parameters, like pelvic version and pelvic angle are about 3°.
For the vertebral parameters (intervertebral angles, discal heights and listhesis) reproducibility diminished of 50% for the frontal module and only of 20% for the sagittal analysis, with regard to the values we calculated for degenerative patients.
Discussion
The main purpose of our study was to evaluate the Spineview 2.1 software, dedicated to clinical quantitative analysis. In order to test its reliability, validity and limits in clinical routine conditions, several qualities of patients X-ray films were chosen.
Knowing that small but important changes in a patient's evolution may require investigation in clinical routine activities, as well as in research studies, the first condition to perform a reliable quantitative analysis is the reliability of measurements, defined in the literature [7, 14] as the measure of the extent to which a test is reproducible over different situations. Its evaluation involves precision and reproducibility tests. 
Precision
We have to underline the fact that the announced values represent an estimator for the measurement precision using this software versus ''in vitro'' referential (metallic rods). A previous study showed that axial rotation inferior to 20°does not yield significant changes in the angular measurements (for a 0°incidence of the X-ray beam) [23] . Focus height could introduce slight bias; therefore, we followed the generally used focus, i.e. L3 vertebra for lumbar spines and C4 vertebra for the cervical one, as mentioned in Materials and methods. The precision of angular parameters measurement for dynamic modules was established at ±2°for the lumbar region analysis and ±3°for the cervical region. This difference might be due to the different geometry between the cervical and lumbar vertebrae. These values may also be compared to those established by the precision testing of Spineview 1.0 software for the lumbar dynamic module [17, 23] which were quite similar (±1.5°). The original X-ray films of the mentioned study were scanned again for the present one and film degradation could be an explanation for the slight difference observed.
Reproducibility
The comparison of the intra-and inter-observer measurements agreement by means of various statistical tests allowed us to further apply descriptive statistics, in order to quantify the reproducibility errors. Among common descriptors like mean, standard deviation, SD, coefficient of variation, Cv, we calculated the coefficient of reproducibility, CR, which is defined [3] as the expectation that 95% successive measures of a known parameter using Spineview 2.1 software would differ one from another by less than two standard deviations (CR = 2 SD).
Dynamic modules
We found a significant difference in the variances calculated for the ROM corresponding to the extreme levels, with regard to the other levels. For example, variance of L5S1 and L1L2 is different from that calculated for the other lumbar levels; dynamic radiographs being focused on L3 region, the higher reliability of measurements corresponds to this region and diminishes for the other levels according to the distance. Calculation of ROM at most levels is highly reliable, the reproducibility estimator being comparable to the precision one. For the extreme levels (L5S1, L1L2 and C7T1*) reproducibility is lower than precision; the observed difference (0.4 and 0.6°) might be related to the general better visibility of the spine segments compared to patients' vertebrae on X-ray films.
Therefore, the investigations on the ROM calculation showed that the reproducibility errors are in agreement with the announced precision estimators.
Concerning the other parameters calculated by dynamic modules reproducibility of distances linear parameters seems to depend on the geometry and motion of the vertebra. This might explain why vertebral sizes are measured with a reproducibility estimator of 1 mm for the cervical levels and of 1.6 mm for the lumbar ones; meanwhile the translation reproducibility is respectively of 1.4 and 0.8 mm.
Postural modules
The results of the present study showed a mean reproducibility error of 4°for the angular parameters and of 3 mm for the distance parameters. We found a strong inter-observer agreement and a good correlation for the within-subject calculated values.
Spinal and pelvic parameters calculation depends on the visibility of anatomic landmarks. Cervical and lumbar lordosis are calculated with a CR of 4-4.4°; the total lumbopelvic lordosis TLPL PRT12 seems to be more reproducible (CR= 2.4°). The kyphosis CR varies between 2.2°and 5.2°according to the visibility of the T1-T4 region.
Spinal parameters for which calculation is based on several anatomic landmarks, such as T1, T9 sagittal offsets, global inclination, T9 and EAM overhang, showed good reproducibility (0.1°-0.6°and respectively, 1.5 mm).
Pelvic parameters such as sacral slope, incidence and PRS1 angle have a CR of about 4°; meanwhile, pelvic version and pelvic angle show good reproducibility: CR =1.2-1.4°.Unlike Rillardon et al. [18] , we found no major difference for the reproducibility of pelvic parameters defined by Duval-Beaupe`re et al. [4] and Legaye et al. [11] versus those defined by Jackson et al. [8, 9] .
The vertebral parameters variance, depending on the visibility of anatomic landmarks, increases for the mid thoracic, cervical and L5S1 levels (sagittal analysis) and for T2-T4 and T9-T11 levels (sometimes also L5S1) for the frontal module.
Therefore, the quality of the image is of paramount importance. Knowing that SpineView 2.1 software allows for identification and calculation of parameters on the whole spine as well as on selected spinal segments, this enables the investigator to choose his area of analysis, for example a zone of good visibility, and to take into account only the parameters relative to this region. As the quality of the X-ray films is supposed to increase with the new digital systems, our study for increasing the robustness and the precision of the software continues.
When looking to the literature one can note that few studies are comparable to ours. Manual measurement reproducibility for some angular parameters is sometimes documented [2, 5, 8, 9, 27] and the results are comparable to ours. As an example, we would like to mention the reproducibility of TLPL PR T12 (total lumbopelvic lordosis PR T12), which was assessed by Jackson to 3°and by our study to 2.4°; in comparison to a CR of 4°for classical lumbar lordosis, the calculation of this parameter seems to be more reliable.
Few studies assess the reproducibility of X-ray films based spinal and pelvic parameters measurements using computer-assisted methods; we present in Table 6 a comparison between reproducibility estimators obtained for Cobb angle, T4T12 kyphosis, lumbar (L1L5) and L1S1 lordosis, T1 and T9 sagittal offsets, global inclination, and pelvic parameters (literature versus present study).
Shea et al. [20] and Cheung et al. [3] obtained similar results for the intra-observer reproducibility of Cobb angles; we evaluated the reproducibility for the same parameter at 3°(intra-observer) and 4°(inter-observer), which is consistent with their findings. Furthermore, Cheung et al. announced a reproducibility of 3.3°for the T4T12 kyphosis (intra-observer evaluation), which is highly depending on the X-ray film quality; we found the reproducibility estimator of 2.2°for this parameter for a good quality of X-ray films but the inter-observer reproducibility for routine radiographs quality is about 5°.
Spinal parameters such as kyphosis and lordosis are calculated with a reproducibility of 4-5°; it is stated in the medical literature that the variability in assessing high thoracic and low lumbar anatomical landmarks is strongly related to their visibility on the X-ray films. Our results are comparable to those announced by Rajnics et al. [17] and Rillardon et al. [18] , the difference coming from the different type of X-ray films analyzed. The mentioned studies calculated spinal and pelvic parameters on asymptomatic subjects' radiographs. Furthermore, Rajnics et al. used a protocol of successive measurements, which facilitates the comparison; main differences in the reproducibility of parameters were found for T4T12 kyphosis (1.3°) and global inclination (1°).
Rillardon et al. measured 100 X-ray films of asymptomatic subjects in intra and inter-observer analysis; the reproducibility estimators calculated are a little better than those we announced for kyphosis, lordosis, sacral slope and incidence (the maximum difference is 1.6°) and a little less accurate for T9 sagittal offset (same difference). We suppose that the observed difference might come from the higher visibility of vertebral endplates on the X-ray films for asymptomatic subjects versus patients and also from the difference of the statistical methods and test size.
As a conclusion, we found our measurements comparable to those published in the literature; nevertheless, our research for increasing precision and robustness of the analysis continues.
The second part of the study focused on a practical application in clinical environment. Reliability by itself is not a sufficient estimator because reliable results might be biased (containing systematic errors).
Validity [7, 14] refers to the question whether the measure is assessing what is intended. We found that our reference values on the asymptomatic subjects are comparable (Table 4) to those published by several authors. For the parameters well defined in the literature such as T4T12 kyphosis, T9 sagittal offset and pelvic parameters (i.e. sacral slope, pelvic version, incidence, pelvic and PRS1 angle) we found a very good agreement between our values and the literature, except for the L1S1 lordosis where our reference value is comparable to that announced by Voutsinas et al. [27] and inferior (3°) to that announced by other authors. This difference might be related to the different reliabilities and methods of measurement, different mean ages of the populations and also to the variability of sacrum identification.
Thoracic kyphosis and lumbar lordosis are less clearly-defined; most authors calculate these angles between the upper and respectively lower plates of the most tilted vertebrae of the sagittal shape of the spine. For the thoracic region, these angles are calculated most often between T1 and T12, with a good agreement between different studies (Table 4) . Lumbar lordosis, which is calculated theoretically between the most tilted vertebrae, is often considered either between the lower plate of T12 and that of L5 or the sacral plate, either between L1 and L5. In our population of 60 asymptomatic subjects, we found that one-fifth of the lumbar lordosis values were calculated between L2 and L5 and the other four-fifth between L1 and L5, which confirms the hypothesis of Stagnara et al. (the value we compared to the literature is the value obtained for L1L5 lumbar lordosis).
Therefore, we might consider that our reference values match those published in the literature for main spinal and pelvic parameters.
Limits
When analysing severe scoliosis on various qualities of X-ray films, manual measurements can be difficult and the results very biased. Computer-assisted measurements might be helpful but reliability of analyses in such extreme conditions must be evaluated.
Our study showed that the visibility of anatomic landmarks seems to depend not only on the quality of X-ray films, but also on the extent of the deformation; as an example, the areas outlined in Fig. 2 show how problematic a landmark identification can be in some cases. Therefore, the reproducibility of parameters was highly variable: -In areas of good visibility, the CRs calculated for frontal and sagittal modules are comparable to those obtained in routine studies (examples: T1 and T9 sagittal offset, pelvic angle and listhesis still have a good reproducibility), -Whereas in cases of low visibility (sacrum, lumbar and mid thoracic levels), the reproducibility error can [20] intra observer 2.6 Cheung et al. [3] intra observer 3.1 3.3 inter observer 4.8 5.4 Rajnics et al. [17] inter The other drawback is two-dimensional analysis in situations in which the three-dimensional deformity yields major bias. Therefore, precaution must be taken using Spineview 2.0 software in such analyses.
Conclusions
This study allowed to evaluate SpineView 2.1 software and to estimate the reliability and validity of clinical measurements. The precision estimators calculated for inter-vertebral mobility are ±2°for the lumbar analysis and ±3°for the cervical one. Reproducibility ranges between 0.1°and 5.5°for angular parameters and between 1 mm and 4 mm for linear parameters.
The reliability of measurements highly depends on the visibility of anatomic landmarks on the X-ray film. Limits of the software were also highlighted, in some pathologic conditions such as severe adult scoliosis where visibility is usually poor and three-dimensional deformity may yield major bias.
Fast and reliable computer-aided spinal X-ray films quantitative analyses may significantly contribute to monitor small but clinically important changes in the evolution of a patient and constitute the first steps towards outcomes assessment, essential for developing evidence based medicine. Such tools open the way to extensive standardized measurements in different medical care centres (as far as the radiographic protocol is identical) providing the investigators with a large amount of collected data by multicentric evaluation and comparison between studies.
